Introduction
Acrylic acid (АA) is a valuable chemical industry product, with the world capacity over 4.5 million ton per year. The main application of AA and its derivatives is production of various polymer materials, super absorbents, paint-andvarnish materials etc.
The most common method of AA production is the twostep propylene oxidation via intermediate stage of acrolein formation.This method has worked well in terms of economic efficiency and in terms of a simple hardware design. Among the drawbacks of AA obtaining by the oxidation method, there is formation of great number of by-products, including the products of destructive oxidation (СО and СО 2 ) [1] . Another feature of AA obtaining by the propylene oxidation is a direct dependence of economic efficiency of the method on world price of the corresponding raw material (oil), which varies within wide limits and in the long run tends to increase. Thus a problem of diversification of raw materials base of AA production appears, which causes the high relevance of the development of new methods of its production.
State of the art and problem statement
Among the most promising ways of expanding of raw materials base for the acrylic monomers production is application of carbonyl group condensation processes. The great interest of chemical products manufacturers in the implementation of condensation processes by carbonyl group is related to the possibility of acrylic monomers production in low number of stages [2] . In particular, AA is obtained by aldol condensation of acetic acid (AcA) with formaldehyde (FA) [3] . In industry FA and AcA are synthesized from methanol produced from synthesis gas. And a feedstock for synthesis gas obtaining is methane or coal. The global reserves of methane and coal are much larger compared to oil. Thus, use of these raw materials in organic synthesis industry is more promising.
Existing catalysts for AcA condensation with FA are characterized by relatively low activity and selectivity of the desired product formation. As a result, industrial production of AA by aldol condensation method has not been set up, and relevance of researches aimed to improve the efficiency of the catalysts for aldol condensation of carbonyl compounds is very high.
Aldol condensation reactions of carbonyl compounds can occur on the catalyst active sites both basic and acidic types. This is confirmed by numerous scientific works, where both basic and acidic type catalysts with different composition are suggested to be used. In most cases, the use of basic type catalysts is characterized by the satisfactory selectivity of the desired product (AA) formation, but the activity of such catalysts is relatively low [4, 5] . On the contrary, acid type catalysts provide higher conversion of the initial reactants (AcA, FA), however, their use is accompanied by formation of a large quantity of by-products [6, 7] . Thus, the problem of developing a catalyst that can provide both high activity and selectivity in the AA obtaining process by aldol condensation remains unresolved.
In earlier researches it has been determined that promoting the B 2 O 3 -P 2 O 5 /SiO 2 catalyst by transition metals oxides allows achieving high conversion of AcA and FA in the AA production process even at equimolar ratio of the reactants [8, 9] .These catalysts are also effective in the aldol condensation of propionic acid (PA) with FA to methacrylic acid (MAA) [10, 11] . The main regularities of aldol condensation reaction of AcA and PA with FA are the same. B 2 O 3 -P 2 O 5 -WO 3 /SiO 2 catalytic system is the most efficient (as it provides the highest yield of target product) among developed ones [10] in acrylic acid production by aldol condensation. By the way, the highest activity (i. e. conversion of initial reactants) is observed when using B 2 O 3 -P 2 O 5 -V 2 O 5 /SiO 2 catalytic system [10, 11] . The highest activity of B 2 O 3 -P 2 O 5 -V 2 O 5 /SiO 2 catalyst correlates with high strength of acidic active sites on its surface, while the catalyst containing tungsten oxide is characterized by higher selectivity of the desired product formation and acidic active sites of moderate strength [8, 10] .
Therefore we decided to replace part of tungsten oxide to vanadium oxide in B 2 O 3 -P 2 O 5 -WO 3 /SiO 2 catalyst to improve this catalytic system, which as expected would increase its activity at an acceptable level of the desired product formation selectivity.
Addition components that may exhibit basic properties (such as cesium and calcium oxides) to B 2 O 3 -P 2 O 5 --MoO 3 /SiO 2 (acid type catalytic system) can slightly increase AA formation selectivity, but the activity of such catalytic systems is relatively low [12, 13] .
The purpose and objectives of the study
The purpose of present work is to develop efficient complex oxide catalysts of AcA aldol condensation with FA to AA. The catalysts efficiency is suggested to be improved by changing their composition and by determination of optimum ratio of the catalyst components responsible for strong acid surface sites and those responsible for medium acid surface sites.
The following tasks were solved to reach the work purpose:
-to determine effect of the vanadium oxide content in the catalysts on catalytic activity of the latter; -to determine the process temperature effect on the reactants conversion, AA formation selectivity and AA yield.
Catalysts preparation and characterization
The catalytic systems based on mixtures of boron and phosphorus oxides with of tungsten and vanadium oxides with different ratios have been prepared for the research. All catalysts were prepared by impregnation method. Silica with specific surface 600 m 2 /g was used as a support. The atomic ratio of B:P:(W+V) was 3:1:0,3 respectively. Content of WО 3 and V 2 O 5 was changed so the vanadium content in transition metals oxides mixture (WО 3 +V 2 O 5 ) was 20 % (K 1 ), 40 % (K 2 ), 60 % (K 3 ) and 80 % (K 4 ).
The catalytic properties of the developed catalysts were studied in flow setup with fixed-bed catalyst.
Formalin obtained from paraformaldehyde immediately before usage was used as a FA source.
The process was carried out at temperature ranged from 563 to 683 K at equimolar initial reagents ratio and contact time 12 sec. The reaction products were analysed by chromatography. Average value of three parallel independent measurements was taken as final result. General variance of reproducibility of the reactants conversion values is 2.6 and that of the target product formation selectivity is 1.5.
Acetone is a by-product in the reaction conditions, and it could be separated as a marketable product.
Determination of the optimal composition of the catalyst and optimal conditions of the process
The results showed that increase of vanadium content in vanadium-tungsten mixture results in considerable increase of AcA conversion (Fig. 1) . Increase of the catalyst activity probably occurs due to the increase of amount of acidic active sites created by vanadium oxide [8] . It is also clear from Fig. 1 that the catalysts activity increases with temperature raise in whole investigated range (563-683 K). The most considerable increase is observed up to 653 K (75.5 % with K 4 catalyst). Further increase of the reaction temperature (up to 683 K) does not result in considerable increase of AcA conversion (78.5 % with K 4 catalyst). The slowdown of AcA conversion increase when raising the reaction temperature is most probably observed because the reaction is equilibrium. Fig. 1 . Dependence of AcA conversion (X, %) on vanadium content in the vanadium-tungsten mixture in the catalysts (V, %) Therefore, partial substitution of tungsten oxide by vanadium oxide allows achieving higher conversion of the reactants, while target product (AA) formation selectivity remains high. Thus, when vanadium content in the vanadiumtungsten mixture equals 20-60 % (K 1 , K 2 , K 3 catalysts) AA formation selectivity is high and slightly increases when vanadium content increases (Fig. 2) . The increase of vanadium content in the vanadium-tungsten mixture up to 80 % (K 4 catalyst) is accompanied by considerable decrease of AA formation selectivity throughout the whole temperature range.
Maximum value of selectivity -95.5 % -was achieved at 563 K and vanadium content in the vanadium-tungsten mixture of 60 % (K 3 catalysts). The most important fact is that the reaction temperature increase up to 593 K almost does not result in selectivity decrease (93.7 % with the same catalyst) while AcA conversion, and consequently AA yield, increase (Fig. 1, 3) . When raising the reaction temperature above 593 K AA formation selectivity dramatically decreases for all studied V:W ratios in the catalyst.
The highest AA yield is achieved with K 3 catalyst (vanadium content in the vanadium-tungsten mixture is 60 %) throughout the whole studied temperature range (Fig. 3) . Therefore, vanadium content of 60 % in the vanadium-tungsten mixture is optimal in terms of the target product yield.
The maximum yield of the acrylic acid -60.3 % was obtained at 623 K . However, AA formation selectivity was only 87.0 %. Meanwhile at the temperature lower by 30 K (593 K) AA formation selectivity is much higher -93.7 % and AA yield is lower only by 2.9 %. That's why it is inappropriate to carry out the process at 623 K. Thus, based on the obtained results we conclude that the optimal conditions of AcA condensation with FA to AA are temperature 593 K and vanadium content in the vanadium-tungsten mixture 60 %. Under these conditions, the yield of AA equal to 57.4 % was achieved while AA formation selectivity was 93.7 %.
On the catalyst containing no vanadium oxide (B 2 O 3 --P 2 O 5 -WO 3 /SiO 2 ) acrylic acid yield was 50.6 %, while its formation selectivity was 88.8 % and AcA conversion was 57.0 % under the optimal conditions. Thus, the partial replacement of tungsten oxide in the catalyst by vanadium oxide increases catalyst activity (conversion) by 4.1 %, while de1 -sired product formation selectivity increases by 5.1 % and AA yield increases by 6.8 %. In addition, we managed to reduce the optimum temperature of the process from 653 K to 593 K that has a positive impact on the production energy efficiency. 
Conclusions
New efficient catalysts for AcA aldol condensation with FA to the AA have been developed. The effect of vanadium oxide content in the catalyst and the process temperature on the reactants conversion and AA formation selectivity and yield has been ascertained. The optimal V:W ratio in the B 2 O 3 -P 2 O 5 -WO 3 -V 2 O 5 /SiO 2 catalytic system is 3:2. The optimal temperature is 593 K.
Application of the developed catalyst at the optimal conditions allows to obtain AA with 57.4 % yield by pass, AA formation selectivity 93.7 % and AcA conversion 61.1 %. When recycling unreacted reagents, AA yield is up to 93.7 %. High efficiency of the developed catalyst justisfies the use of AA obtaining method by aldol condensation as an alternative.
